Abstract. An accurate soil model is essential for the simulation study of the interaction between the soil and the working utilities of the earth-moving machines, such as the blade of a grader or bulldozer, based on the discrete element method. According to the relevant soil properties theory of the soil mechanics, the mechanical-properties-based soil model is established by using the discrete element method simulation software EDEM TM . The model is modified repeatedly by comparing the data from the simulation tests with those sourced from former research based on large number of field tests, until the relatively accurate soil mechanical properties can be approached in the established soil model. Finally, the accuracy of the DEM-based cohesive soil model is varified by the inner friction angle, cohesion and the repose angle through the simulation tests.
Introduction
The working utilities of the earth-moving machines, such as the blade of a grader or a bulldozer, the bucket of a wheel loader or an excavator, and the plows of a cultivator, etc., interact with the soil directly. The shape and configuration of the above mentioned utilities will affect the working resistance and efficiency of the machine, as well as the wearing properties of the working utilities themselves. The research on the interaction between the soil and the utilities of the earth-moving machines through the simulation of their operation process based on the discrete element method is very important to the optimal design of the above mentioned machines, while an accurate soil model is essential obviously.
The Physical Properties of Soil
Soil Particle Fineness and Composition. Usually the soil is classified with the particle size as follow, the diameter of 40 mm and above as the gravel; 2 to 40 mm as the sand gravel; 0.25 to 2 mm as sand; 0.05 to 0.25 mm as the fine sand; 0.005 to 0.05 mm as the silt; and 0.005mm and below as the clay. In fact, soil is a mixture of particles with various sizes, and its physical and mechanical properties are related to the natural conditions such as the proportion of particles, water content and compactness.
In the present study, the particle size of the soil model was magnified many times of its real one to save the computing resources and the simulating time. In order to ensure the accuracy of the model established on the mechanical properties of soil particles under the conditions of the amplification, a lot of macro simulation tests are needed to do, so that the DEM-based model parameters can be modified to approach the real by comparing the physical model with the test data from the simulation.
Soil Moisture Content. The moisture content of soil is the weight percentage of the water contained in soil to the soil particles.
The water content module is not included in the present discrete element software EDEM TM , so this study will convert the influence of water content on the soil model into the soil density and cohesive property.
Natural Specific Gravity of Soil. The natural specific gravity of soil is the ratio of weight to volume of soil in its natural state. The specific gravity of soil varies with the mineral composition, porosity, water content and other factors of the soil, generally measured from 15 to 20 kN / m 3 . This research is to study the soil by discrete element method, which needs to simplify a chunk of soil into the integrity of many small spherical particles with the corresponding parameters to reflect the nature of the soil. Therefore, the parameters of soil are needed to be converted into those of the small spherical particles. The density of the spherical particles can be used to calibrate the overall gravity of the soil.
Adhesion of Soil (for Cohesive Soil). Adhesion of soil refers to the ability of soil to adhere to other objects. While the moisture content of cohesive soil increases to a certain extent, the soil will have the ability to adhere to different objects. The adhesion index of soil is the adhesion limit and specific adhesive force of water content. Adhesion is the force required to separate the sheet metal from the soil in a unit area.
For the subject of this paper is to study the resistance of the soil to the blade in the course of cutting blade operation, the adhesion of the soil to the blade is neglected.
Natural Slope Angle of Soil (Repose Angle). The natural slope angle of soil is the pile angle formed naturally when the unconsolidated soil is accumulated, and its numerical value is related to the internal friction and cohesion of soil. For non-cohesive soil, the natural slope angle is equal to the internal friction angle of soil, and the natural slope angle of various soils in different states can be obtained by referring to relevant data.
This study can guarantee the accuracy of the soil model by using the relevant simulation tests to ensure that the natural slope angle of the established soil model is consistent with that of the real soil.
The Friction Coefficients of the Soil vs. Soil and Soil vs. Steel. The friction coefficients of the soil vs. soil and the soil vs. the steel are listed in Table 1 . Cohesive Force of Soil (Cohesive Soil). Cohesion is an expression of cohesive force, including bonding of water, cementation, and capillary connection. The shear strength is mainly composed of internal friction, while the shear strength of fine grained soil mainly depends on cohesion. The connection force between soil particles mainly includes: (1) electrostatic attraction, because the particles are flaky, the plane part is negatively charged, the ends of both sides are positively charged, and the contact between the sides and the surface will attract each other. In addition, due to the negative charge of the particles, the cations are adsorbed in water. When two adjacent particles are close to each other, the double layers overlap and form a common binding water film. Two particles are attracted by the cations; (2) the Van der Waals forces, dipole attraction between the polarized molecules in soil and between the polarized molecules and the non-polarized ones; (3) the cementation between the particles, soil particles being cemented with oxides of the carbon, silicon, lead, iron and the organic mixtures; (4) the compound bonds, ionic bonds, covalent bonds and metal bonds among the contact points of the particles.
In this study, Hertz-Mindlin with JKR model [2] is used to calibrate the cohesive force of soil model by setting suitable energy values between particles.
Particle Model of Discrete Element Method. The basic principle of discrete element method is briefed as follows. The studied object is divided into a series of separate elements. According to Newton's laws of motion and interaction between elements, the dynamic or static relaxation method of iterative calculation is used to determine the stress and displacement of all elements at each time step, and to update all of the elements. By tracking and calculating the microscopic motion of each element, the macroscopic motion law of the whole object can be obtained. In DEM, the interaction among elements is considered as transient equilibrium problem, while the equilibrium is assumed as long as the internal force of the object is balanced. The basic assumption of discrete element method is that any disturbance from other elements except for the direct contacted ones shall not be passed to the selected element within a single time step, and the velocity and the acceleration of an element shall be constant within any specified time step.
In the EDM, the object to be analyzed is taken as a fully discrete elements system, in which the motion parameters of every element are calculated based on the Newton's law of motion in accordance with the calculation of the contact forces within the interacted particles during the whole analysis process. Such calculations are repeated in every time step to predict the motion properties of the object system.
Two types of soil model are involved in this study. The Hertz-Mindlin model is used for the cohesionless soil particles, and the Hertz-Mindlin with JKR model for cohesive soil particles.
In the Hertz-Mindlin model, The Hertz contact theory [1] is used for the normal contact force calculation and the Mindlin theory [2] for the tangential contact force calculation within the particles, as shown in Figure 1 . 
Soil Model Based on Soil Mechanics and DEM
The strength of soil is an important mechanical property of soil. It is the ability of soil to resist the external force and do not destroy itself. The strength of the soil will determine the magnitude of the shovel resistance encountered by the earthmoving machinery, thereby determining the energy consumption of the machine during operation.
There are many factors affecting the strength of soil, such as climate and environmental factors affecting soil moisture content, compactness and particle composition. Therefore, it is very difficult to accurately describe the strength of soil. The strength of the soil varies widely. The results obtained under one soil condition are sometimes not comparable to those obtained under another soil condition. Even for the same type of soil, the results are often different dramatically.
A large number of tests show that soil failure is shear failure. The ability of soil to resist shear failure is called shear strength of soil. The shear strength of soil is a function of the normal stress on the shear surface, which can be expressed as ( )
Cohesive soil and cohesiveless soil are aggregates of particles, and the soil failure can be considered as the breakage of the connections between particles, and the particles themselves do not destroy. The connection strength between the particles varies with the normal stress on the shear plane, which is one of the main characteristics of soil shear strength.
The shear strength function of soil can be determined by experimental methods. The commonly used test methods include direct shear method and axial compression test method. In this study, the direct shear method has been validated to calibrate the shear strength of soil models. According to the requirements of soil direct shear test and the working principle of the direct shear test apparatus, a simplified model of test equipment is established, as shown in Figure 2 , which is the geometric model needed for direct shear test. The apparatus is simplified as an upper cylinder, a lower cylinder and a round press plate. The upper cylinder is fixed and the press plate is able to move down inside to press the soil contained in the cylindrical space enclosed by the upper cylinder, lower cylinder and press plate. The lower cylinder is able to move horizontally to shear the soil sample inside.
Cohesive Soil Model Established by Direct Shear Simulation Tests
Given the area of the soil sample, which is equal to the inner section area of the upper or lower cylinder, as A, the pressing force on the soil sample as N, which is applied through the press plate. The horizontal pushing force T is applied to the lower cylinder gradually until the moving lower cylinder cut off the soil sample. On the cross section, the normal stress of the soil is expressed as The shear stress τ shall increase as the horizontal displacement of the lower cylinder. The maximum value τ f shall be measured to be taken as the shear stress of the soil sample.
If another soil sample of the same nature is taken and the vertical pressure is changed, the another normal stress ϭ and corresponding maximum shear stress τ f on the shear surface can be obtained by the same method. Thus, several sets of data ϭ and τ f can be obtained by performing a number of shear tests at different normal pressures. If the ϭ is used as abscissa and τ f is used as ordinate, the soil shear strength curve of equation τ f = f(ϭ) can be obtained by fitting the data.
The law of soil shear strength, Coulomb law, which is summed up by a number of field tests, can be expressed as The discrete element method software EDEM TM is used to simulate the direct shear test, and the parameters for the test devices and soil particles are listed in Table 2 . In discrete element software EDEM TM , the process of simulating shear experiments is as follows: (1) A virtual cylinder with a radius of 250mm and height of 500mm is created and then a number of small particles are generated inside and dropping down freely, until the cylinder is fully filled with the particles.
(2) Once the particles come to still, the cohesive force is generated within the particles. For the JKR model, the required parameter is the surface energy, set here as 50J/m 2 . Soil models with different cohesion can be obtained by setting different energy values. Then, the virtual cylinder is removed. Next, the upper cylinder, the lower cylinder and the press plate are imported into the EDEM software from other CAD software by which the models for simulation test devices are generated, as shown in Figure 3 (a).
(3) Let the press plate move down slowly by a certain distance with a certain pressure, as shown in Figure 3(b) . (4) To move lower cylinder horizontally at a certain velocity (0.02m/s), as shown in Figure 3 (c), until the soil sample model is cut off, as shown in Figure 3 (d) . (5) To extract the horizontal force measured at the cutoff moment and the normal force at the maximum horizontal force moment, divided these two values by the cross sectional area to get the shear stress and the normal stress respectively.
(6) The (3), (4) and (5) steps are repeated to obtain the corresponding shear stress values at different pressures and the normal stress values at the corresponding moment. The simulation test data are listed in Table 3 . According to the data listed in Table 3 , the shear stress equation as follows is obtained by using the least squares method for data fitting: , which are very close to the reference value from former field test study [6] , as listed in Table 4 . Furthermore, the accuracy of the DEM model of the cohesive soil is validated, which can be used for the research on the interaction between the earthmoving machine utilities and cohesive soil in the future. 
Angle of Repose of the Cohesive Soil Model from Accumulating Simulation Tests
As shown in Figure 5 , a virtual body with radius of 500mm is generated as ground which has a 10mm height edge to prevent individual particles falling and rolling away, setting the material for soil. At the height of 500mm above the ground, a virtual body with 100mm radius is built as the particles generator, with generating rate of 500 particles per second. The particles will be generated and falling freely onto the ground. A conical mound will form on the ground as the number of the particles increase. The process of generation shall be stopped when the total number of the particles is accumulated to about 15000, as shown in figure Figure 6 . After accumulation of the particles, take a cuboid with length 1200mm, width 60mm and height 450mm parallel to the XOZ plane at the center of the pile. The width of the cuboid is 3 times of the diameter of a single particle, and the height of the cuboid is equal to that of the particle pile, as shown in Figure 7 . Next, export the center coordinates of all particles contained in the cuboid from the post processor of the EDEM software with the csv format. Figure 8 shows the image information of all center coordinates extracted from the selected particles. Taking the points near the outline of the pile and discarding the obvious deviation points, the left and right part of the outline can be fitted by least square method as shown in Figure 9 and Figure 10 . The fitted curve equations and their sum of squares of residuals are as follows: In the same way, taking the central part of the piled particles in another direction, i.e., the cuboid for particles sampling being parallel to the YOZ plane, the pile outlines can be fitted as follows: 
According to Eq.(3) to Eq.(6), the slope angle of the simulated cohesive soil pile in four different direction can be obtained from the slope of the outline. The mean value of the four slope angles is calculated out to be 44.63°, which shall be taken as the repose angle of simulated cohesive soil by DEM. Generally, the repose angle of the real cohesive soil is in the range of 40°to 50°, which proves the accuracy of the DEM soil model.
Summary
The parameters such as inner friction angle, cohesion and repose angle are very important to the DEM-based cohesive soil model. The above mentioned soil parameters are obtained by direct shear method and natural accumulating method through simulation tests based on the EDEM TM software. The accuracy of the parameters is proved by the commonly recognized data sourced from former research.
